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Introduction
Left atrial (LA) volume has been proven to be a robust
marker of cardiovascular risk for myocardial infarction or
cardiomyopathy1–3. Also a marker of diastolic dysfunc-
tion, LA volume predicts atrial fibrillation recurrence
leading to worse clinical outcomes4. LA remodeling in
terms of LA volume alterations may actually reflect al-
terations of hemodynamic or the effect of therapeutics,
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SUMMARY
Background: Precise left atrial (LA) volume quantification, representative of LA function, is of extraordinary
clinical prognostic value. However, a detailed description of pathophysiology in different disease populations
and interactions with aging by real-time three-dimensional echocardiography (RT-3DE) is lacking.
Methods: This study consisted of three protocols: (1) to test the impact of different LA cutting planes on LA vol-
ume quantification in different disease populations (n = 61) by RT-3DE; (2) to examine the impact of aging,
hypertension (n = 145), the interaction on LA remodeling; and (3) to further depict the LA regional and global
remodeling process in different disease entities (n = 68), including heart failure (HF).
Results: Bias and percentage error in LA volume quantification tended to decrease significantly when com-
pared with the automatic border detection method at eight cutting planes. A linear relationship was apparent
between maximal LA volume and age in the hypertensive group (r = 0.26, p = 0.03), but not in the normal aging
group (r = 0.16, p = 0.19). A significantly reduced pumping fraction and enlarged LA volume was observed in HF
patients (p < 0.01), with a trend toward less LA pumping volume (p = 0.1).
Conclusion: Eight cut planes provided sufficient accuracy in LA volume quantification using the RT-3DE
method. Compared with normal aging, LA volume tends to increase with higher pumping volume to compen-
sate for impaired left ventricular relaxation in hypertension. Relatively preserved total LA pumping volume
may exist in heart failure patients at the expense of further adaptive volume expansion with a subsequently
reduced total emptying fraction. [International Journal of Gerontology 2009; 3(1): 53–65]
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and higher LA volume associated with higher left ven-
tricular (LV) filling pressure may thus independently
predict heart failure (HF) development2. Early stage dias-
tolic dysfunction associated with the aging process or hy-
pertension may impart an added workload to the left
atrium, leading to increased LA volume5,6. In addition,
LA remodeling associated with diastolic dysfunction7,8
has also been proven and was predictive of an ischemic
stress result9. LA volume quantification with precision is
thus of significant clinical value and may impact further
diagnostic decisions and therapeutic strategies.
Owing to an asymmetrical three-dimensional (3D)
LA structure, precise assessment of LA volume may be
difficult. The conventional two-dimensional (2D) echo-
cardiogram has been proposed as a convenient and
rapid method to quantify LA volume, although it may
be limited by the shortage of full spectral analysis with
geometric assumptions4. Emerging real-time 3D echo-
cardiographic (RT-3DE) techniques equipped with a
high-resolution transducer allows real-time and facili-
tated acquisition of 3D heart structures by reconstruct-
ing multiple-plane images and has proven value in
volume and functional evaluation of the left ventricle
validated with magnetic resonance imaging (MRI)9,10.
Although LA volume and functional assessment by such
multiple cutting planes with the RT-3DE method may
theoretically provide more accurate measurements, a
tradeoff remains between clinical convenience and
data reliability or accuracy11,12. In addition, the clini-
cal application of such a new approach in different
disease populations remains obscure. In this study, 
we attempted to determine the optimal cutting planes
in LA volume quantification using RT-3DE in various
cardiovascular diseases by comparing those data with
a newly developed automatic border detection (ABD)
algorithm, which may be less affected by image plane-
associated spatial limitations with easy and fast 3D
parameters assessed as previous described13. We also
applied this LA functional assessment in different dis-
ease entities to determine whether it provided insight
into LA mechanics and pathophysiology, which may
aid early therapeutic decisions and strategies.
Materials and Methods
Study population
From June 2006 to February 2007, three protocols
were conducted simultaneously with a collection of
different patient populations enrolled in our design
with retrospective analysis after patient enrollment.
This study was approved by a local ethics committee.
Protocol 1
We compared the impact of LA cutting plane numbers
on LA volume quantification using RT-3DE in different
populations, with patients enrolled either from outpa-
tient clinics or from hospitalization with coronary artery
disease/HF. A total of 61 participants including normal
controls (n = 21), hypertensive patients (n = 16), HF
patients (n = 10) and coronary artery disease patients
(n = 14) were included. Different cutting planes
(biplane-, four-, eight- and 12-plane) using off-line 
commercialized software (TomTec GmbH, Unterschleis-
sheim, Germany) on a workstation14 were performed
and compared with the ABD algorithm. Those with at
least two unsatisfactory segments for 2D echocardio-
graphic wall motion evaluation were excluded.
Protocol 2
To elucidate the impact of aging, with and without
hypertension on LA volume quantified by RT-3DE from
outpatient clinics, a total of 145 consecutive partici-
pants including normal control (n = 71) and patients
with hypertensive (n = 74) without clinical HF symp-
toms were included. LA volume was quantified by the
same RT-3DE equipment and software analysis using
an off-line commercialized software (TomTec GmbH)
on a workstation. In this protocol, patients ≥ 60 years
of age were defined as the older group and were com-
pared with the younger group comprising patients
< 60 years of age. Patients with other systemic diseases
including diabetes, renal insufficiency (creatinine
≥ 2.5 mg/dL), pulmonary hypertension, valvular dis-
eases of more than a moderate degree, bundle branch
block, atrial fibrillation, recent coronary intervention or
bypass graft surgery (within 40 days), or the existence
of HF symptoms and signs were all excluded.
Protocol 3
Of all 71 normal cases and 74 hypertensive cases from
protocol 2, we randomized some normal (n = 18) and
hypertensive patients (n = 20) with those who were
diagnosed with HF from either outpatient clinics < 3
months prior or patients who had ever been hospital-
ized. HF was diagnosed clinically as a worsened func-
tional class (functional class III and IV) presenting with
lower limb edema, pulmonary congestion or other HF
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signs that may have mandated further pharmacologic
intervention or hospitalization. A total of 68 participants
including normal control, hypertensive and HF patients
(n = 30) were included with all detailed LA functional
parameters quantified using traditional 2D area-length
method or those derived from RT-3DE using the same
RT-3DE equipment and software analysis by off-line
commercialized package (4D LV-Analysis version 2.0
based on Research Arena platform; TomTec GmbH) on
a workstation. Patients with at least a moderate degree
of pulmonary hypertension, recent coronary interven-
tion or bypass graft surgery (within 40 days), permanent
or transient pacemaker implantation, or atrial fibrilla-
tion were all excluded in this protocol. Detailed analysis
of other LV echocardiographic parameters were also
performed to relate to the LA functional evaluation.
LV structure, function and LV mass calculation
A single experienced technician blinded to other study
results and details assessed the measures of transtho-
racic echocardiography (iE33; Philips, Andover, MA, USA)
(with a 2.5-MHz S5 transducer). LV end-diastolic and
end-systolic volumes were calculated by the Z-derived
method15, which allows accurate quantification of LV
volume and mass even in subjects with dilated cham-
bers from the parasternal long-axis view. LV mass, rel-
ative wall thickness and stroke volume were all derived
from this measure. Existence of significant valvular heart
diseases, pulmonary hypertension and other structural
abnormalities were assessed by either 2D echocardiog-
raphy or color Doppler (including early and late mitral
inflow [E/A] ratio and deceleration time [DT]) during
routine clinical assessment.
LA volume quantification by 2D area-length
method
LA volume quantification in our study was performed by
the 2D area-length method as stated by the American
Society of Echocardiography method (Figure 1A).
LA volume quantification by RT-3DE
Full volume acquisition of a RT-3DE data set was
achieved with second-generation matrix array S5 trans-
ducer (iE33) from non-foreshortened LV apical views and
analyzed semi-automatically by off-line endocardial
tracing software (TomTec GmbH). LA volume measure-
ments with time displayed in one heart cycle were then
identified by planimetry of endocardial contours in 2
(i.e., 90°/slice), 4 (i.e., 45°/slice), 8 (i.e., 22.5°/slice) and
12 slices (i.e., 15°/slice) (Figure 1B). Contour tracing
was performed at ventricular end systole with a semi-
automatic border detection algorithm adjusted by trivial
manual tracing or modification as required. After identi-
fying and marking the dome of the atrium and mitral
annulus on each slice, a preconfigured ellipse was fitted
to the endocardial borders of each frame (Figure 1C). 
A time-volume curve (Figure 1D) was generated which
allowed objective quantification of maximum LA vol-
ume (LAVmax) and minimum LA volume (LAVmin). This
3D echocardiographic measure also allowed objective
quantification of regional or average LA peak expan-
sion volume change rates (PeLA) derived from the first
derivatives of volume differences from LV end-diastole
to LV end-systole (LAVmax) considered as an expan-
sion index in the current study. This new technique
avoided multiple-plane reconstruction which may
have possibly underestimated the true LA volume be-
cause of an unevenly shaped LV structure. In protocol 1,
measures from the multiplane reconstruction were
further compared with the ABD technique utilizing
frame-by-frame tracking skills (4D LV-Analysis CAP
software version 2.5, TomTec Research Arena; TomTec
GmbH) (Figure 1C). In protocol 2 and 3, all LA volumes
were measured by the ABD method with pulmonary
vein areas excluded from tracing. LA volumes were
measured at three points: (1) before mitral valve open-
ing (LAVmax); (2) immediately after atrial click (LAVp);
and (3) immediately after mitral valve closure (LAVmin).
Representative global LA volume/mechanical function
in our study was evaluated using the following 
equation16:
● LA volume of both LAVmax and LAVmin during the
whole cycle
● LA total emptying volume (LAEV) = LAVmax − LAVmin
● LA emptying fraction (LAEF) = (LAVmax − LAVmin)/
LAVmax (expressed as percentage)
● LA expansion volume change rate = peak LA expan-
sion volume changes next to mitral annulus during
LV contraction. Both average and individual LA
regions were calculated. LA volume change rate
from any LA segment was represented as regional
LA functional changes in our study.
Statistics
All data were presented as mean ± standard deviation.
The nonparametric trend test (Wilcoxon rank sum test)
was used to test the trends of different variables across
more than two different groups. The Pearson test was
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used to test the degree and significance of correlation 
between any two measures. The Student’s t test was
used to compare variables from any two different groups
with normal distribution. The Mann-Whitney U test was
used for data without normal distributions, and the
Chi-squared test for categorical variables was used as
appropriate. Inter- or intraobserver variability and the
width of agreement analysis in LA volume quantifica-
tion between any different LA cutting planes (biplane,
four-, eight- and 12-plane) and ABD method were ana-
lyzed by the Bland-Altman method. The statistical
analysis was performed with STATA version 8.0 software
(StataCorp, College Station, TX, USA), and the signifi-
cance level was set at p < 0.05 using a two-tailed test.
Results
Impact of different LA cutting planes on LA
volume quantification
Table 1 lists the results of the first protocol as the ratio
of differences in root-mean-square percentage error,
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Figure 1. The illustration of left atrial (LA) volume quantification based on: (A) biplane Simpson’s method; (B) three-dimensional
(3D) method by different cutting planes (four-, eight- and 12-plane, and final “LA cast” creation, respectively); (C) three-
dimensional method by automatic border detection technique; and (D) time-volume curves generated from raw 3D data set after
off-line processing. LAEV = LA total emptying volume; LAVmax = maximum LA volume; LAVmin = minimum LA volume.
bias and width of agreement using different LA cutting
planes (biplane, four-, eight- and 12-plane) in LA vol-
ume quantification compared with those determined
by the ABD method. There was generally a good corre-
lation of LAVmax (r=1.13, 0.99, 0.94, 0.96; all p < 0.01),
LAVmin (r = 1.29, 1.07, 0.96, 0.97; all p < 0.01) and LAEF
(r = 0.81, 0.91, 0.93, 0.96; all p < 0.01) determination
based on different LA cutting planes (biplane, four-,
eight- and 12-plane, respectively) between these two
methods. In addition, with increasing LA cutting planes,
the bias of this estimate seemed to decrease, as well as
the width of limits of such agreement (Figure 2). In our
study, eight equidistant image planes seemed suffi-
cient to produce optimal results with acceptable bias
with optimal correlation as compared with the RT-3DE
ABD method.
Impact of aging and blood pressure on LA
volume quantification
In protocol 2, the mean age of the normal group was
significantly younger than the hypertensive group
(45.3 ± 1.9 vs. 57.5 ± 1.6; p < 0.01). Blood pressure was
significantly higher in the hypertensive group. Table 2
displays the baseline demographics and differences of
this LA functional evaluation by RT-3DE between these
two groups. The LAEF, defined as the percentage of
LA emptying to LAVmax, was not related to age.
Furthermore, LAVmax, LAVmin and LAEV, as defined by
RT-3DE, were all significantly higher in the hypertensive
group when compared with the normal group (p<0.01),
although there was no difference in LAEF between
these two groups (p = 0.7). LV diastolic parameters
from the Doppler assessment (e.g., E/A ratio, DT) were
significantly different (p < 0.01). LAVmax, when deter-
mined by the 3DE ABD method, seemed to increase
with age in the hypertensive population, although this
relationship was not obvious in the normal group
(r=0.26, p=0.03, and r=0.16, p=0.19, respectively). The
LAVmin seemed to increase with age in the normal
group, rather than in the hypertensive group (r = 0.26,
p = 0.03, and r = 0.17, p = 0.16, respectively). Figure 3
further shows the impact of hypertension on LA remod-
eling in terms of LAVmax and LAVmin, while the LAEF
seemed to be similar in both groups irrespective of
aging process. There was a significant difference in LA
remodeling with the existence of hypertension irre-
spective of aging.
Impact of clinical presentations on LA volumes
Table 3 lists the parameters evaluated in the third 
protocol of our study by comparing the LA volume 
differences in different patient populations clinically
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Table 1. Pearson correlation, root-mean-square (RMS) percentage error, bias and agreement in left atrial volume and func-
tional evaluation between different three-dimensional echocardiographic cutting-plane reconstruction and auto-
matic border detection technique
Pearson 
p
RMS percentage 
Bias
Width of limits 
correlation error (%) of agreement
LAVmax (n = 61)
Biplane 0.92420 < 0.0001 17.95 −10.11 24.67
Four-plane 0.95334 < 0.0001 4.10 −2.59 18.82
Eight-plane 0.97406 < 0.0001 3.92 −0.53 14.68
12-plane 0.98936 < 0.0001 3.02 −0.25 9.42
LAVmin (n = 61)
Biplane 0.95646 < 0.0001 25.67 −6.54 21.31
Four-plane 0.98381 < 0.0001 8.13 −2.10 11.24
Eight-plane 0.98868 < 0.0001 2.83 −0.63 9.15
12-plane 0.99173 < 0.0001 1.84 −0.38 7.73
LAEF (n = 61)
Biplane 0.87478 < 0.0001 7.73 4.07 29.07
Four-plane 0.92696 < 0.0001 2.11 2.10 21.42
Eight-plane 0.94040 < 0.0001 1.35 0.96 19.26
12-plane 0.95721 < 0.0001 0.44 0.71 16.16
LAVmax = maximum left atrial volume; LAVmin = minimum left atrial volume; LAEF = left atrial emptying fraction.
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Figure 2. (A, B) The Bland-Altman analysis of left atrial (LA) volume quantification using different LA cutting planes com-
pared with the automatic border detection (ABD) method using the real-time three-dimensional echocardiographic data set,
with decreasing mean difference (± 2 SD) observed with increasing LA cutting planes numbers compared with the ABD
method. EDV = end-diastolic volume; ESV = end-systolic volume.
presenting as normal, hypertension and HF. Patients
with HF or hypertension seemed to be older than nor-
mal subjects (p < 0.01), and they tended to have worse
LV geometry such as a larger volume or larger global
LV mass as assessed by the traditional M-mode method
(p < 0.01). Impaired renal function, as evaluated by
serum creatinine level, tended to increase across these
three groups (p = 0.03). Significantly reduced LV global
function as evaluated by ejection fraction was also
observed in the HF group (p < 0.01). Maximum LA vol-
umes evaluated by 2D area-length method, biplane
Simpson’s method or RT-3DE ABD were all signifi-
cantly different (p < 0.01). LAEFs were also significantly
different across these three groups, regardless of the
methods used for calculation. However, there was a
diverse trend result in LAEV across these three groups
by different methods (2D area-length: p = 0.05; 2D
biplane Simpson’s: p = 0.07; RT-3DE ABD: p = 0.10)
used for LA quantification. Also, LAEV seemed to be
higher in the hypertensive group and lower in the HF
group. Finally, both average and regional LA expan-
sion volume change rates (PeLA) derived from RT-3DE
ABD, representative of LA reservoir function, seemed
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Figure 2. (C) Assessment of agreement in maximum and minimum LA volume together with LA active emptying fraction
(LAEF) is shown separately. EF = ejection fraction.
Table 2. Baseline demographic data between normal and
hypertensive groups in the protocol 2
Normal Hypertension
t test
(n = 71) (n = 74)
Age (yr) 45.3 ± 1.9 57.5 ± 1.6 < 0.01
Gender, female, n (%) 32 (45%) 34 (46%) 0.76
SBP (mmHg) 121.2 ± 13.7 153.2 ± 14.9 < 0.01
DBP (mmHg) 72.1 ± 11.4 96.6 ± 8.2 < 0.01
Body weight (kg) 66.5 ± 8.4 67.1 ± 8.1 0.85
Body height (cm) 168.2 ± 12.3 166.2 ± 11.7 0.62
Creatinine (mg/dL) 0.8 ± 0.2 0.9 ± 0.2 0.58
LVEF (%) 66 ± 8.1 69.3 ± 5.2 0.12
E/A ratio 1.64 ± 0.4 0.87 ± 0.2 < 0.01
DT (ms) 182.3 ± 27.5 253.9 ± 30.4 < 0.01
LAVmax (mL) 32.7 ± 8.6 44.5 ± 12.2 < 0.01
LAVmin (mL) 12.8 ± 3.2 17.7 ± 6.6 < 0.01
LAEV (mL) 19.9 ± 6.4 26.8 ± 7.3 < 0.01
LAEF (%) 60.2 ± 5.9 60.6 ± 5.9 0.7
SBP = systolic blood pressure; DBP = diastolic blood pressure; LVEF =
left ventricular ejection fraction; E/A ratio = mitral inflow E to A ratio;
DT = deceleration time of mitral inflow E wave; LAVmax = maximum
left atrial volume; LAVmin = minimum left atrial volume; LAEV = left
atrial emptying volume; LAEF = left atrial emptying fraction.
to be similar in all three groups except for the regional
estimate approximate LA segment (p = 0.01).
Inter- and intraobserver variability in LA volume
quantification
Twenty cases in this study were randomly chosen for a
reproducibility study. The same quantifications of each
case were performed repeatedly by the same observer
1 week after the first measurement. Two experienced
physicians in the echocardiography laboratory repeated
the same measurement using the same workstation to
test the interobserver variability. The variability in
maximum and minimum LA volume quantification by
RT-3DE was 6.8% and 7.1% for interobserver difference
and 4.5% and 5.7% for intraobserver difference.
Discussion
In this study, we demonstrated that LA volume quan-
tification using an ABD algorithm by RT-3DE may pro-
vide a clinically useful tool to determine LA global and
regional volumes and functional evaluation. We also
confirmed that LA cutting planes and underlying heart
diseases associated with aging are all important factors
in the determination of LA volume assessed by the 
RT-3DE method.
Atrial volume and function alterations, possibly
exerted and influenced by normal aging, deteriorated
with HF, exercise intolerance17 and the most common
atrial arrhythmia, atrial fibrillation2,18. Atrial fibrilla-
tion occurs in 0.4% of the general population, while
this prevalence increases rapidly up to 5% beyond the
age of 65 years19. Early and precise diagnosis of such
atrial structural and functional alterations, defined as
LA remodeling in different stages of HF20, as well as
the treatment of potentially reversible disorders in
daily practice, may thus be invaluable.
LA function actually plays three major physiologic
roles: (1) acting as a contractile pump (booster) deliv-
ering 15–30% of LV filling, (2) acting as a reservoir col-
lecting pulmonary venous return during ventricular
systole (defined as expansion index in our study); and
(3) acting as a conduit for passing stored blood from
the LA to the LV during early diastolic phase21,22. Normal
LA is a lightly tapered, pillow-shaped 3D structure with-
out a distinct long or short axis23. When the left atrium
starts to dilate during the remodeling process, the rel-
ative enlargement in the anteroposterior dimension is
limited because of the physical constraints of the spine
and the sternum24, leading to a more lateral rather
than anteroposterior expanded left atrium in cases of
enlarging LA. Theoretically, LA volume quantification
by 2D echocardiographic methods may thus partially
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Figure 3. (A) The comparison of maximum and minimum left atrial (LA) volumes between the normal and hypertensive
groups when divided by age < 60 years or ≥ 60 years. There was a significant difference in the maximum and minimum LA
volumes between the normal and hypertensive groups in either the young or old groups. (B) The comparison of maximum
and minimum LA volumes between the young and old groups (separated at the age of 60 years) when divided by the 
existence of hypertension. There was no significant difference (NS) in the maximum and minimum LA volumes between any
groups.†
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Table 3. Baseline demographic data and all echocardiographic parameters in different groups
Normal Hypertension Heart failure 
Trend p
(n = 18) (n = 20) (n = 30)
Age (yr) 43.9 ± 16.7 55.5 ± 11.5 60.9 ± 15.4 < 0.01
Gender, female, n (%) 10 (55.6) 6 (30) 8 (26.7) 0.11
SBP (mmHg) 125.6 ± 14.7 150.1 ± 18.9 133.8 ± 21 0.13
DBP (mmHg) 74.7 ± 12.2 88.9 ± 7.9 75.9 ± 14.4 0.98
Body weight (kg) 67.3 ± 9.1 66.2 ± 8.4 65.5 ± 10.7 0.65
Body height (cm) 168.8 ± 13.2 166.7 ± 11.1 165.2 ± 14.2 0.87
Creatinine (mg/dL) 0.8 ± 0.2 0.9 ± 0.3 1.3 ± 0.4 0.03
Echocardiography
LA diameter (mm) 29.3 ± 4.8 33.1 ± 4.9 39.4 ± 9.4 < 0.01
IVS (mm) 10.2 ± 1.9 11.7 ± 2.3 11.3 ± 2.6 0.19
PW (mm) 9.7 ± 1.9 10.9 ± 1.7 11.6 ± 2.1 < 0.01
LVIDd (mm) 47.8 ± 4.0 46.3 ± 4.0 59.5 ± 9.5 < 0.01
LVEDV (mL) 107.8 ± 21.4 104.5 ± 25.9 182.3 ± 68.4 < 0.01
LVESV (mL) 39.7 ± 17.1 31.1 ± 11.2 99.7 ± 55.6 < 0.01
RWT (%) 40.6 ± 7.5 47.3 ± 7.4 39.6 ± 8.9 0.34
LV mass (g) 183.8 ± 59.1 207.4 ± 64.4 316.3 ± 109.9 < 0.01
LVEF (%) 67 ± 8.5 70.3 ± 5.4 46.9 ± 15.5 < 0.01
2D (area-length method)
Max LA 4C area (cm2) 15.6 ± 2.7 16.4 ± 2.8 22.0 ± 6.3 < 0.01
Max LA 4C length (cm) 5 ± 0.7 5 ± 0.4 5.9 ± 0.9 < 0.01
Min LA 4C area (cm2) 8.8 ± 1.4 8.7 ± 1.6 17.3 ± 5.7 < 0.01
Min LA 4C length (cm) 4.3 ± 0.6 4.3 ± 0.3 5.6 ± 0.9 < 0.01
Max LA 2C area (cm2) 13.8 ± 2.2 15.1 ± 2.8 20.5 ± 7.7 < 0.01
Max LA 2C length (cm) 4.9 ± 0.5 5.1 ± 0.3 5.8 ± 1.0 < 0.01
Min LA 2C area (cm2) 8.0 ± 1.6 8.5 ± 1.3 16.8 ± 8.3 < 0.01
Min LA 2C length (cm) 4.3 ± 0.6 4.3 ± 0.2 5.5 ± 1.0 < 0.01
Max LA volume (mL) 36.9 ± 8.7 41.0 ± 11.4 66.9 ± 33.6 < 0.01
Min LA volume (mL) 13.6 ± 2.9 14.7 ± 3.9 46.5 ± 28.9 < 0.01
LAEV (mL) 23.3 ± 6.7 26.3 ± 8.0 20.4 ± 9.4 0.05
LAEF (%) 62.6 ± 6.2 63.8 ± 4 33.9 ± 12 < 0.01
2D (biplane Simpson’s method)
Max LA volume (mL) 36.5 ± 9.3 41.3 ± 10.7 65.9 ± 33.2 < 0.01
Min LA volume (mL) 14 ± 3.02 15.1 ± 3.8 46.4 ± 28.9 < 0.01
LAEV (mL) 22.5 ± 7.4 26.2 ± 7.3 19.5 ± 8.7 0.07
LAEF (%) 61.0 ± 6.6 63.3 ± 3.2 33.0 ± 11.6 < 0.01
3D echocardiography (LV)
LVEDV (mL) 80.2 ± 18.1 82.2 ± 23.3 129.7 ± 54.5 < 0.01
LVESV (mL) 31.8 ± 7.1 31.9 ± 10.8 88.6 ± 45.0 < 0.01
LV SV (mL) 48.5 ± 12.6 50.4 ± 13.6 41.1 ± 12.9 0.04
LVEF (%) 60.2 ± 4.7 61.5 ± 5.0 34.1 ± 9.5 < 0.01
3D echocardiography (ABD)
Global
Max LA volume (mL) 33.2 ± 9.1 42.3 ± 9.5 68.5 ± 39.5 < 0.01
Min LA volume (mL) 12.7 ± 2.8 15.8 ± 3.3 50.7 ± 35.5 < 0.01
(Continued)
rely on geometric assumptions that may not precisely
integrate the complicated real LA configuration and
architecture. Therefore, both normal and dilated LA are
irregularly shaped and may consistently underestimate
2D assessment compared with cardiac computed to-
mography25 or fail to correspond with cardiac MRI26.
Owing to the higher cost, inconvenience and time con-
sumption of cardiac MRI imaging modalities in clinical
LA volume quantification, a rapid and clinically feasi-
ble alternative is thus necessary and helpful. Newer
generations of RT-3DE have been recently developed
and proven to be capable of quantifying cardiac cham-
bers in a 3D way9 and to highly correlate with cardiac
MRI10,27 and traditional 2D methods17. Recent studies
also demonstrated the superiority of LA volume quan-
tification by RT-3DE over traditional 2D methods in
predicting outcomes in patients with severe LV dys-
function28. Similar to previous studies, eight cut planes
were adequate for LA volume quantification in the cur-
rent study when using the RT-3DE ABD method12,13.
Compared with those studies, our data might be more
applicable to a broader disease population ranging
from normal, hypertensive to HF patients.
In addition, LA function seemed to be affected by
diastolic dysfunction, which is potentially influenced
by LV end-diastolic pressure or the possible existence
of hypertension29. As LA remodeling occurs as esti-
mated by indexed LA volume, it may reflect the bur-
den and chronicity of elevated LV filling pressure, and
thus become a strong predictor of outcomes. In line
with a previous study29, our data revealed that in nor-
mal subjects without hypertension, LAVmax remained
constant in the elderly group, although LAVmin tended
to increase with aging process. Furthermore, LA
pumping fraction and volume remained unchanged,
although impaired LV relaxation and filling pattern
occurred with normal aging. Well adapted LA contrac-
tion force without an enlarged LA volume seemed to
counteract this aging-related impaired LV filling in our
study. In subjects with hypertension, however, both
LAVmax and LAEV increased with age, which may be
explained by the volumetric compensation and adap-
tation of LA in impaired diastolic relaxation. This same
observation has also been demonstrated by Doppler29
and myocardial tissue velocity30,31 studies. To the best
of our knowledge, those parameters are not volume-
based, and may actually underestimate the potential
geometric variations of LA based on heterogeneous
disease population30. These discrepant observations of
LA behavior in response to normal aging or hyperten-
sion superimposed on aging may be of clinical signifi-
cance in understanding the mechanics of diastolic
pathophysiology.
The deterioration of LA function in HF patients in our
study, as demonstrated in protocol 3, further illustrated
the functional decay from a well-compensated status,
as seen in hypertension secondary to persistent ele-
vated LV filling pressures resulting from restrictive LV
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Table 3. Continued
Normal Hypertension Heart failure 
Trend p
(n = 18) (n = 20) (n = 30)
Global 
LAEV (mL) 20.4 ± 7.2 26.5 ± 6.8 17.8 ± 7.2 0.1
LAEF (%) 60.7 ± 6.6 62.3 ± 3.8 30.0 ± 12.2 < 0.01
PeLA, basal (mL/s) 45.6 ± 16 49 ± 12.4 47.7 ± 19.1 0.95
Regional
PeLA, septal (mL/s) 7.9 ± 3.2 8.2 ± 2.8 8.1 ± 3.5 0.88
PeLA, lateral (mL/s) 7.8 ± 4.2 9.3 ± 2.9 8.7 ± 4.5 0.63
PeLA, anterior (mL/s) 10.5 ± 3.1 9.9 ± 2.6 8.5 ± 4.0 0.01
PeLA, inferior (mL/s) 7.7 ± 3.5 8.2 ± 2.9 8.8 ± 5.0 0.73
PeLA, anteroseptal (mL/s) 5.3 ± 1.8 5.8 ± 1.6 5.4 ± 2.3 0.86
PeLA, posterior (mL/s) 6.4 ± 3.0 7.7 ± 2.6 8.2 ± 3.8 0.15
SBP = systolic blood pressure; DBP = diastolic blood pressure; LA = left atrial; IVS = left ventricular interventricular septum; PW = left ventricular
posterior wall; LVIDd = left ventricular end-diastolic internal diameter; LVEDV = left ventricular end-diastolic volume; LVESV = left ventricular
end-systolic volume; RWT = relative wall thickness; LV = left ventricular; LVEF = LV ejection fraction; 2D = two-dimensional; Max = maximum;
4C = four-chamber; Min = minimum; 2C = two-chamber; LAEV = left atrial emptying volume; LAEF = left atrial emptying fraction; 3D = three-
dimensional; SV = stroke volume; ABD = automatic border detection; PeLA = peak left atrial expansion velocity.
compliance. Similar to LV remodeling in HF patients,
an obviously enlarged LA volume (both maximum and
minimum volume) compensating for adequate forward
blood flow with generalized decreasing efficacy, which
was represented as a reduced LAEF, was observed. A
mildly reduced LAEV compared with normal and
hypertensive subjects may partially help to explain the
relative preservation of stroke volume in such circum-
stances to maintain sufficient cardiac output. Moreover,
the average and regional LA expansion volume change
rate did not differ much among the three groups
except for the anterior segment of LA. Again, the adap-
tive behavior of LA expansion in terms of volume
changes in proportion to the adaptive increase in vol-
ume itself, which is mainly affected by LV filling pres-
sure, offset the underlying functional disturbance in
this atrial reservoir phase.
Regional differences in LA distensibility may exist
with the LA appendage being more compliant than the
atrial main chamber to act as a reservoir in case of pres-
sure or volume overload32. In the present study, aver-
age LA expansion volume change rates over the whole
region near the mitral annulus was similar, while re-
gional LA expansion volume change rates (anterior
area) did show a significant decrease in the HF popula-
tion when compared with normal and hypertensive
groups. The proximity of the LA anterior region to the
appendage in anatomic distribution in our study may
be the main reason that this finding could serve as an
important marker of LA dysfunction by RT-3DE.
Limitation
In this study, atrial volume rather than volume in-
dexed to body surface area was used. The body surface
area derived from body height has been suggested to
be more predictive of clinical outcomes in longitudinal
studies when compared with atrial volumes alone4.
However, it may be beyond the discussion from a path-
ophysiologic point of view in this article. Furthermore,
variations in body height and weight in our study did
not reach statistical significance among different groups.
A considerable difference of atrial volumes calculated
using the RT-3DE database among three groups also
offset the potential impact of body size difference on
LA volume determination in our study.
Another major limitation of this study may come
from the image acquisition with lower inborn frame
rates (around 50–60 ms) using RT-3DE compared 
with the Doppler method (< 30 ms). This difference in 
temporal resolution may lead to potential measure-
ment error with subsequent interpolation in data gen-
eration or possibly missed cardiac mechanical events
under rapid motion. In addition, not all phases of
atrial activity were discussed and compared in the
present study. The “chop off” of later QRS events
before a more complete recording of atrial contraction
behavior from gated electrocardiogram setting during
raw data acquisition from each continuous heart cycle
precluded this analysis. Instead, quantification of global
and regional atrial expansion volume rates at the
reservoir phase was relatively easier and technically
more feasible using the RT-3DE method and was thus
adopted. Finally, atrial volume quantification by ABD
technique from the RT-3DE data set may not be feasi-
ble in all institutions because of its higher cost and more
experience-dependent technique. Thus, atrial volume
quantification using a multiple cutting plane algo-
rithm was adopted in the present study, which may be
more widely applicable to other echocardiography
laboratories.
Conclusion
Our study demonstrated that eight cut planes may be
enough to accurately quantify LA volume by RT-3DE.
Using RT-3DE with an off-line analysis, we found that
LA tends to enlarge to achieve a compensatory higher
LA active pumping in the hypertensive group com-
pared with normal subjects, but this situation was not
observed in normal aging process. We also observed
that further adaptive volume expansion and signifi-
cantly reduced emptying efficacy of LA could take place.
This may help to maintain a relatively preserved pump-
ing volume when HF starts to occur. LA volume and
functional evaluation by RT-3DE thus not only provides
a promising diagnostic tool providing insights into LA
mechanics and pathophysiology, but also may help
clinical therapeutic decisions and plans.
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